Background and Objectives: The degradation in robotic skills that occurs during periods of robotic surgical inactivity in newly trained surgeons was measured. The role of animate training in robotic skill was also assessed.
INTRODUCTION
Since its introduction in 2001, the number of surgeons across multiple specialties adopting the da Vinci Surgical System has grown rapidly and yet little is understood about methodologies to develop surgeons who are skilled with this new technology. In the United States at the end of 2010, there were 1285 systems installed, and a total of 1752 installed worldwide. 1 That year, approximately 278 000 procedures were performed robotically, a 35% increase from 2009. Of these cases, the most commonly performed was the robotic total laparoscopic hysterectomy (110 000 cases, of which 32 000 were for malignancy). The robotic-assisted radical prostatectomy (RARP) was the second most common procedure with approximately 98 000 being performed worldwide. 1 At the end of 2008, between 75% and 85% of radical prostatectomies were completed robotically. 2 This shift towards robotics has been driven by many factors including a significant reduction in morbidity. 3 These benefits stem from enhancements that include 3-dimensional visualization, 10X and zoom magnification, hand tremor dampening, and refined dexterity. 4 In gynecology, robotic-assisted radical hysterectomy (RARH) is associated with a decrease in blood loss, hospital stay, and similar operative times compared to laparoscopic and open procedures. 5 Robotics has also proven superior to other approaches in treatment of the obese and morbidly obese gynecologic population. 6 In the treatment of prostate cancer, RARP is associated with shorter hospitalization, fewer blood transfusions, comparable operative times, and a lower incidence of positive surgical margins compared to laparoscopic radical prostatectomy and open radical prostatectomy. 7 Surgeons naïve to robotics form a heterogeneous group ranging from residents in training to experienced attendings. Currently, the optimal approach for training remains undefined, and the learning curve for proficiency is not well documented. Data suggest that formal training during fellowship is beneficial in improving surgical outcome in robotic prostatectomy. 8 How best to accomplish this training has yet to be determined. Animate training historically is an important modality in the surgical training process, and most current robotic credentialing protocols require a live porcine lab. This training is expensive and time consuming and, for some, an ethical issue. If this component is necessary for optimal training, then including it appears reasonable; however, the need for this component has not been explored.
As this technology continues to affect gynecologic, urologic, and ultimately other surgical fields, understanding the components of skills maintenance and degradation is paramount. Newly trained robotic surgeons may perform few robotic cases during the first months or year following training as this new technique is incorporated into their practice, and there may be significant degradation of skills during this time frame. Within traditional laparoscopy, mixed reports suggest skills degrade at 4 months 9 and 1 year, 10 while still others report no significant loss at 12 months. 11 Investigation of the extent to which skills on this complex system degrade during the early phases of use is important, because re-training may be beneficial. Determination of skill degradation over time would provide essential information for identification of potential re-training intervals to maintain surgical skills.
In this study, we seek to objectively document naïve surgeons' learning curves at the robotic console. Following this training, the natural degradation that occurs during periods of robotic surgical inactivity was monitored over 12 weeks. The role that animate training plays in robotic skill development was also assessed.
MATERIALS AND METHODS

Participants
This study was an IRB-approved prospective study funded through the Department of Defense. Resident and attending physicians in surgical subspecialties who had never received formal instruction on the da Vinci Surgical System were eligible to participate. All eligible surgeons who desired to participate during the study period were enrolled. This was a time-intensive study and attending physicians were compensated at a rate commensurate with their salary as surgeons ($250/hour). Resident physicians were given a $1000 educational stipend upon completion of the study. Attending surgeons were given the option of tuition reimbursement to attend the Intuitive animate training program or attend an animate training program developed by the investigators for this study (see below). Resident physicians were all trained at the investigatordeveloped animate program. Following a review of the study protocol and payment structure, informed consent was obtained.
Study Protocol
Enrolled participants completed a robotic surgery curriculum beginning with an on-line didactics-training module provided by Intuitive Surgical, Inc. (Sunnyvale, CA) that explained the basic principles of the robot. Participants then moved to the operating room (OR) where they completed a brief, introductory, inanimate training module using the da Vinci Surgical System, developed by Intuitive Surgical, Inc., under the supervision of the research assistant (RA). Subsequently, the 3 modules of the proficiency test (see below) were explained to the participants, including the adjusted times to complete the module that they needed to meet (actual time plus penalty time from errors). Participants engaged in repeated trials of each module until they met the adjusted time required (see description below). Once they had completed the proficiency test, participants did not use the robot for 12 weeks, except for repeating the 3 modules at 4, 8, and 12 weeks (tests). Following the 12-week test, participants underwent animate training at a lab developed by the investigators (see below) or at the Intuitive animate training lab. Participants completed a final test on the 3 modules within 7 days of completing the pig lab (PAT test).
Proficiency Test
The test consisted of 3 modules: a needle passage task (Dots/Numbers, DN) (http://www.thecgroup.com), a rocking ring transfer peg board task (RPB), and a running suture pod task (SP) (Figure 1 ). These 3 tasks were chosen as representative skills tasks challenging practical abilities for robotic surgery. DN required physicians to pass a needle through 4 entrance and exit dots. RPB required a ring be picked up with one hand, passed to the other hand, and then placed on a specific peg while the board rocked back and forth. SP required a knot be tied (3 times) and then the needle be passed through 3 sets of dots. The DN and SP modules tested the targeting and passage of a suture needle as well as intracorporeal suturing, important for human extirpative and reconstructive surgery. The RPB required significant memory and concentration and was also chosen for its ability to discriminate targeting and precision, while challenging spatial relations capabilities. The benchmark performance metrics were established by experienced robotic surgeons. Three experienced surgeons completed each module until a plateauing of their task time was achieved. Technical and cognitive errors were established; a 5-second penalty/ error rate was used to convert actual time to adjusted time (the ultimate performance metric). Participants were deemed "proficient" once they achieved performance to within 80% of the experienced surgeons' time through repeated trials. All trials were videotaped and scored by a trained rater.
Animate Training
A robotic pig lab curriculum was developed by one of the investigators (ELJ), which consisted of general robotic surgical techniques followed by general surgical, urologic, or gynecologic surgical tasks. The lab was held at a robotic training facility available at Ohio State University and was taught by physicians and the RA who had undergone training by one of the investigators (ELJ). All participants completed a cystotomy with a 2-layer closure, supercervical hysterectomy, cystectomy, and pelvic iliac artery and vein exposure; additional procedures included pelvic lymph node dissection (gynecology and urology), bladder reanastomosis at the urethra and bladder neck (urology), and colon resection (general surgery).
RESULTS
Twenty-five attending surgeons from general and vascular surgery, obstetrics/gynecology (ob/gyn), and podiatry were enrolled; 1 ob/gyn physician withdrew from the study leaving 24 attending surgeons (Table 1) . Twenty-nine resident surgeons from general surgery, urology, and ob/gyn were enrolled; 2 did not wish to continue and withdrew from the study (1 in general surgery and 1 in ob/gyn) leaving 27 resident surgeons (Table 1 ). All resident physicians completed the animate training lab developed by the investigators. Eighteen of 24 attending physicians completed the animate training.
The proficiency test consisted of 3 modules (DN, RPB, and SP). The scoring algorithm for the DN module was changed after 10 resident physicians had initially completed the DN proficiency test, because a particular error was not recorded. These physicians were called back to repeat the test and achieve proficiency with the new algorithm; therefore, the number of trials to achieve proficiency could not be calculated for them. The SP module was added after 2 resident and 3 attending physicians started the study.
There was a wide range in number of trials required to achieve proficiency for each module ( Figure 2 , Table 2 ). Twenty-three of 24 attending surgeons achieved proficiency on the DN module within 8 trials, 1 surgeon required 20 trials. One attending surgeon required 41 trials to achieve proficiency on the RPB and SP, and another attending surgeon required 39 trials to achieve proficiency on the SP. Mean number of trials to reach proficiency on the RPB module was significantly lower for resident physicians (Table 2) , regardless of whether the score from the one participant who required 41 trials was included. Despite requiring more trials to achieve proficiency, data from this participant did not differ significantly from that of other participants, and there were no differences in further analyses of data with and without this participant; thus, the participant was included in the analyses.
Due to scheduling conflicts, a range existed in the number of days between the last trial of the proficiency test and the 4-week test (Table 3 ). There was a wide range in time required to complete each of the modules on the 4-week tests (Table 3) . For all modules, a significant increase occurred in the mean adjusted time to complete the modules at the 4-week test relative to the last trial on the proficiency test (all PϽ.001, Table 3 ).
No significant differences were found in mean adjusted times on the 4-week test between resident and attending surgeons for any of the modules. Data from resident and attending surgeons were therefore combined. Mean adjusted times at 4 weeks did not differ as a function of sex Actual times for the DN module decreased between the 4-and 8-week tests and remained constant at the 12-week test (Figure 3) . Actual times on the RPB and SP remained fairly constant over the 4-, 8-, and 12-week test (Figures 4 and 5) . Error rates for all modules were fairly constant over the 4-, 8-, and 12-week tests (Figures 3, 4, and 5 ).
Actual times decreased significantly between the 12-week and PAT tests on the DN and RPB modules (DN, tϭ3.9, PϽ.001; RPB, tϭ3.6, Pϭ.001) (Figures 3 and 4) . Errors decreased for the DN and RPB module after the PAT test (DN, tϭ3.1, Pϭ.004; RPB, tϭ5.4, PϽ.001). As a result, actual and adjusted times on the DN module were not significantly different from those obtained on the last trial of the proficiency test, although errors were still higher (tϭ2.9, Pϭ.006). For the RPB, actual and adjusted times on the PAT test, as well as errors, were greater after the PAT than they were on the last trial of the proficiency test (actual time, tϭ4.9, PϽ.001; errors, tϭ5.6, PϽ.001; adjusted time, tϭ5.9, PϽ.001). For the SP module, actual and adjusted times, but not errors, were significantly greater after the PAT than they were during the last trial of the proficiency test ( Figure 5 , actual times, tϭ9.6, PϽ.001; adjusted time, tϭ9.5, PϽ.001).
Assessment was made of the degree to which an individual's time to complete the modules was correlated with subsequent times at each re-testing interval. Beginning with the 4-week test, time to complete RPB and SP at one time point was correlated with time to complete it on the subsequent time point (Table 4) .
The degree to which an individual's time to complete one module was correlated with time to complete the other modules was assessed (Table 5) . At 8 weeks, there was a significant correlation between time to complete the RPB and SP modules; by 12 weeks the correlations were significant for RPB and SP and for DN and SP. During the PAT test, time to complete one module was correlated with time to complete the other modules, with the correlation between RPB and SP reaching .646 (PϽ.001).
DISCUSSION
Robotic skills degraded significantly within 4 weeks of surgical robotic inactivity. The degradation was seen with the simpler DN module as well as with the more complex RPB module, which involved camera and arm clutching as well as arm movements, and SP module, which involved intracorporeal knot tying. Analysis of errors during the tests also sheds light on skill level. Between the last proficiency trial and the 4-week test, the number of errors made in all modules increased significantly and remained elevated at 8 weeks and 12 weeks. Even after animate training, the error rates remained significantly higher than following the initial proficiency test for DN and RPB. This may carry important safety implications for new robotic surgeons who have gone though the required training, but have had several weeks lapse without time on the console. These findings may also be germane to hospital credentialing, annual re-credentialing and Maintenance of Certification (MOC) boards responsible for ensuring that their surgeons remain proficient.
At 8 weeks, performance improved slightly on the DN test, and remained stable on the RPB and SP tests. It may be that the testing situations at 4, 8, and 12 weeks served as mini-training sessions, so that average performance on the later tests did not continue to decline.
Additionally, the DN module may have served as a "warm up" trial for the other modules as this module was always conducted first. As the study progressed, performances on the tests began to correlate so that surgeons who did well on the modules at one time point also did well on the modules at later time points. Thus, surgeons who performed well at 4 weeks were likely to perform well at later time points. Conversely, surgeons who took longer to complete modules at 4 weeks were likely to require more time to complete modules at later time points. These variations demonstrate unique individual learning curve patterns and suggest some surgeons may require more intense or more frequent re-training following their initial training.
Performance among modules began to correlate over the study so that a surgeon's performance on one module became increasingly correlated with performance on other modules. By the 12-week test, surgeons who performed well on the SP test were also performing well on the RPB and DN tests, and by the PAT test, surgeons' performances on all modules were significantly correlated. By the PAT test, surgeons who did not perform well on one module did not perform well on the other modules. This suggests that some surgeons were becoming increasingly versatile with the robot, able to perform equally well on a variety of tasks while others did not perform as well on any of the tasks.
Individual variations were apparent from the beginning of the study. There was a large variation in the number of attempts required to achieve proficiency. This was true for both attending and resident surgeons. There was no difference in the mean number of attempts to achieve proficiency between resident and attending physicians with the exception of RPB, in which the residents achieved proficiency significantly faster. These objective data support observational data from the literature demonstrating a wide range in the number of cases required to achieve proficiency in urology and gynecology. [12] [13] [14] [15] In 1936, Wright introduced the concept of the "learning curve," proposing a mathematical model for the aircraft industry. 16 Working definitions of the learning curve in surgery have varied widely. These include the diminishing amount of time to perform a specific task, 17 or conversely, a self-declared point at which a surgeon reaches a comfort zone when performing a procedure. 17 Although, no standard definition has been accepted, 18 it is often defined as the number of cases a surgeon needs to perform to achieve acceptable operative times and reasonable outcomes. 19 The most efficient method for mastering a skill is poorly understood. For the last century, surgeons have been trained in the method promoted by Halsted, in which the surgeon is gradually exposed to increasingly difficult tasks until they are able to operate autonomously. 20 -22 Under these methods, there is wide variation; the estimated learning curve in RARP ranges from 25 13 to 150 cases. 14 Seamon et al 15 report that 20 cases are required to achieve proficiency in RARH.
Previous studies point to a correlation between performing a high volume of complex cases and a decrease in operative mortality. [23] [24] [25] [26] It follows conversely that the patients cared for by a low-volume surgeon have an increased relative risk of mortality in the same procedures. 27 Traditionally, being privileged for a procedure implied that a surgeon would be able to perform this operation indefinitely, regardless of actual practice. However, a Report of a Discussion and Study Group of the American Surgical Association recognizes that re-privileging should be based on verifiable criteria and linked to practice outcomes. 28 These endpoints of assessment are not clearly determined yet, but the implication is that without sufficient exposure, surgical skills degrade.
Given the differences in the extent of performance degradation at 4 weeks, analyses were performed to assess whether there are variables that can be used to predict skill degradation and/or maintenance. There were no significant differences in times between resident and attending physicians at 4 weeks. Additional factors that were examined were sex, age, history of playing a musical instrument, self-reported number of laparoscopic surgeries performed the last year or number of years playing video games. The only significant correlation was between the self-reported years playing video games and time to complete the DN module at 4 weeks. These data suggest that observation and testing on an individual basis may be required to assess the proficiency of robotic surgeons.
Robotic training currently includes an animate training lab. This lab covers surgical specialty specific procedures and provides experience with handling of tissue. For the simpler skill (DN), animate training restored performance to levels achieved after repeated trials of the inanimate proficiency test; however, skill level on the RBP and SP did not return to the levels achieved on the inanimate test. This suggests that different skills are being learned in the 2 settings and that animate training did not provide the kind of intense and specific training on how to manipulate the robot that inanimate training did. The da Vinci Surgical System is a complex system, and it may be that becoming skilled with this system requires more inanimate training than is currently prescribed.
This may also highlight the differences in the core components that make a robotic surgeon. Mechanical fundamentals include both knowledge of how the console is operated and manipulation skills that are required to operate the robot as a surgical tool to efficiently perform tasks without error. The second component involves anatomic fundamentals learned during medical school and cemented by repetition in the operating room. This includes knowledge of anatomy, the handling of various tissues and dissection planes and the skills to navigate spaces to achieve a desired surgical outcome. The porcine lab may emphasize the latter, allowing surgeons to translate their haptic and visual feedback learned in open and laparoscopic cases to the robotic console. While the porcine lab did not bring surgeons back to objectively mea- sured inanimate proficiency levels, it is possible that more subjective, yet fundamental, aspects of robotic surgery were impacted. Future research will explore skills acquired during live animate training and whether these skills can be acquired in less expensive and less timeconsuming inanimate settings.
Limitations of this study are that it is a single institution study, conducted in a fairly homogenous group of surgical residents and attendings. Replication of these results in more diverse training programs and with surgeons with more varied backgrounds, skill levels, and experience is warranted. The fact that there were no significant differences between the means of residents and attendings at any of the test periods (4-, 8-, 12-week and PAT) suggests, however, that these results are fairly robust.
These results demonstrate that robotic surgical skills degrade rapidly in newly trained surgeons, and efforts need to be made to provide robotic surgeons with active curricula aimed at maintaining performance during periods of inactivity to ensure patient safety. Future research will focus on mechanisms to ensure that robotic skills are upheld in newly trained surgeons until they are routinely and consistently performing robotic surgery. Future research defining the training interval to maintain proficiency may start with re-training at 4-week intervals. The possibility of using virtual reality robotic surgery platforms as an adjunct for this maintenance of skills will be explored.
